Up to now, chemical synthesis routes only provide restricted opportunities for the formation of structured nano particles. In contrast, living microorganisms generate nano materials of well defined shapes by the precise control of biomineralization. Here we reveal new principles for the generation of functional nano materials through the process of biomineralization. We used the detoxification mechanism of the unicellular alga Scenedesmus obliquus to generate a technologically interesting zinc-phosphate-based nano material. The algae were incubated in media with a sublethal zinc concentration (6.53 mg Zn dm -3 ) for 4 weeks. Using BF-and ADF-STEM imaging combined with analytical XEDS we could show that nano needles containing phosphorus and zinc were formed inside the living cells. Furthermore, the cells incubated with zinc show a strong fluorescence. Our findings indicate that the algae used polyphosphate bodies for detoxification of the zinc ions, leading to the generation of intracellular zinc-phosphate-based nano needles. Beside the technological application of this material, the fluorescent cells can be used for labeling of e.g. biological probes. This new experimental protocol for the production of an inorganic functional material can be applied also for other substances.
Introduction
Due to their broad potential, nano materials are of growing interest for technological applications. Zinc phosphate nano particles can be used as corrosion inhibitors or as dental cement and hydrogelated zinc ultraphosphate glass powders serve for proton-conducting materials [1] . Zn 3 (PO 4 ) 2 serves as a host-lattice for fluorescent materials like Zn 3 (PO 4 ) 2 :Eu [2] . Through chemical synthesis, nano materials are produced with high efforts in terms of high temperature or process engineering, e.g. spherical Zn 3 (PO 4 ) 2 nano particles can be synthesized via a polyolmediated method at temperatures of 230˚C or an ultrasonic-microwave route [3, 4] . Preparation of Zn 3 (PO 4 ) 2 at room temperature resulted in highly aggregated spherical or sheet-like particles [5, 6] . When yeast cells are used as catalytic templates, butterfly-like particles or agglomerates of Zn 3 (PO 4 ) 2 are chemically precipitated on the negatively charged surface of the yeast [7, 8] . According to that, chemical synthesis routes only provide restricted opportunities for the generation of such inorganic solids with defined shape. In contrast to chemical synthesis, living organisms are capable of producing highly structured nano particles by the precise control of the biomineralization processes [9] . e.g. sponge primmorphs are capable of the incorporation of titania into their nanospicules when incubated in an appropriate medium [10] . Due to the genetic control of the biomineralization, they react to a certain environment in always the same way, resulting in the reproducible synthesis of nano particles of a certain size and morphology. Since these processes proceed at ambient conditions, nano materials produced by microorganisms are very cost-effective and ecofriendly. When confronted to toxic elements in their environment, microorganisms like algae can sequester them inside their cells in order to detoxify their surrounding. The intracellular sequestration of the toxic metal ions occurs via chelate formation with molecules like phytochelatins or phosphates of different chain length, resulting in metal/phytochelatin or metal/(poly) phosphate complexes which are no more harmful to the organisms [11, 12] . It is known, that the metal ions first bind on the cell wall of the algae to specific transport ligands as well as to inert adsorption sites [13, 14] . The cell walls of green algae consist of polysaccharides and proteins and contain also polyphosphates [15] [16] [17] . In the following step, some of the metal ions are actively transported into the interior of the cell, where they can build complexes with polyphosphates [18, 19] . In this study, we used this detoxification mechanism of a unicellular green alga species (Chlorophyceae) to generate structured zinc-phosphate-based nano particles. Scenedesmus obliquus was chosen to be the model organism because it is capable to accumulate large amounts of zinc and because it involves polyphosphate in its detoxification mechanism [20] [21] [22] .
Zinc is an essential trace metal for all organisms, however it can be toxic when present in high amounts. Exposure of microalgae to sublethal concentrations of Zn caused inhibition of different vitally important parameters [21, 23] . Algae can adapt to long lasting elevated Zn concentrations, most likely through genetical adaptation [24] [25] [26] . The cell cycle of microorganisms is very short; in case of S. obliquus it is around 12 h at 26˚C, therefore the acclimatization can occur during several days or weeks [27] . If the amount of toxic metal ions in the surrounding medium is too high, the algae react with the uptake of the specific ions, finally leading to the deposition of a nontoxic metal compound inside the cells. The uptake of the metal ions takes place in two steps: the first is a rapid physical biosorption onto the cell wall, followed by a slow, energy consuming membrane transport into the cell [13, 14, 18, 23] . The first step is due to the fact that in algal cell walls polysaccharides, proteins and polyphosphates are located, which provide anionic sites for binding of positively charged ions like metals [15] [16] [17] . The second step is an active bioaccumulation which leads to an enrichment of metals in the cell interior, the cytoplasm, where the toxic ions can be chelated to nonhazardous compounds [28] . In this last step, the algae detoxify their cytoplasm by sequestering the toxic ions in molecules like phytochelatins or polyphosphates [11] .
In the investigated genus Scenedesmus, phytochelatins are not involved in the detoxification of Ni, Ag or Zn, but phosphates are [22, 29] . Phosphates are essential nutrients for these microorganisms and they can be accumulated in the so called polyphosphate bodies [30] . These cellular compartments contain short and long chain polyphosphates (linear polymers of orthophosphate) as the major component, as well as pyrophosphate, orthophosphate, phosphorus (P) and divalent cations like Ca and Mg [31, 32] . Polyphosphate bodies serve as a storage pool for these essential elements and molecules but are also involved in the detoxification of harmful metals [12] . When metal ions enter the cell, the activity of polyphosphatase is stimulated. This enzyme hydrolyzes polyphosphate into shorter-chain species or orthophosphate, and subsequently the phosphates build complexes with the toxic metals [33] . Also polyphosphate itself can chelate metal ions, leading to a metal/polyphosphate polymer [34, 35] . Many toxic metals, like Pb, Cu, Zn, Al, Fe, Cd and Ag were found to be sequestrated in polyphosphate bodies of green algae, including Scenedesmus [19, [35] [36] [37] [38] .
Materials and Methods

Organisms and Cultures
The experiments were conducted with living Scenedesmus obliquus (strain 276-1), obtained from the SAG culture collection Göttingen. The algae were cultivated in BG 11 medium starting at pH 6, in a rotary shaker (Infors HT Multitron II, 100 rpm) at 26˚C and permanent illumination (FL tubes Gro-Lux 15W, 3500 lx) [39, 40] . The media contained 5.3 mg P dm -3 and different amounts of Zn (0 mg Zn dm -3 , 0.65 mg Zn dm -3 and 6.53 mg Zn dm -3 ), added as ZnSO 4 ·7H 2 O (Roth, Karlsruhe). The algae were incubated 4 weeks. After this time, the cells were still living as revealed by their green color using a light microscope.
A hemocytometer (Marienfeld, Lauda-Königshofen) was used to count the cells in the medium.
Chemical Analyses
10 ml culture were analyzed from the medium with 0.65 mg Zn dm -3 , containing 4.2 × 10 8 algal cells and 10 ml from the medium with 6.53 mg Zn dm -3 , containing 1.4 × 10 8 algal cells. The algae were first washed 5 times with demineralized water (Millipore) to remove non-attached molecules and afterwards washed in hydrochloric acid (0.02 M, pH 3) to collect Zn from the cell wall. Light microscope observations revealed that the algae survived this treatment, indicating that Zn from inside the cells did not leak out. The obtained HCl was analyzed via inductively coupled plasma optical emission spectrometry (ICP-OES; Spectro CIROS). In the second step, the algae washed in HCl were dried at room temperature and weighted. Afterwards, they were digested in concentrated H 2 SO 4 /HNO 3 (nitric acid), mineralized at 250˚C and finally suspended in demineralized water (Millipore). This solution was analyzed via ICP-OES to detect Zn in the cells.
All vials were rinsed in HCl for 24 h before use to remove adherent molecules. The experiments were run in triplicate.
TEM Sample Preparation and (S)TEM Investigations
To detect the positions of Zn accumulation in the algal cells, thin sections of cells treated with 6.53 mg Zn dm -3 (control without Zn) were analyzed. The cells were fixed for 1 h in 0.1 M sodium cacodylate buffer containing 2% glutaraldehyde (pH 7.4), then rinsed with the buffer (pH 7.4) and finally post-fixed for 1h in the buffer containing 1% OsO 4 (pH 7.4). All fixations were done on ice. After fixation, the cells were dehydrated in 30%, 50%, 75%, 90%, and finally 3 × 100% acetone for 20 min each [41] .
After dehydration the cells were immediately embedded in epoxy resin (modified Spurr embedding kit/Serva) [42] . Ultramicrotomy was applied for preparation of TEM samples [43] [44] [45] . The blocks of epoxy with embedded cells were trimmed using the high-speed milling system Leica EM-TRIM2 to get a narrow pyramid top of the block. The trimmed blocks were then cut by using the ultramicrotome Leica EM-UC6. To obtain thin sections, an oscillating water-filled diamond knife with a knife angle of 35˚ (Diatome, Biel, Switzerland) was used. Approximately 60 to 100 nm thick slices were prepared at room temperature with a knife speed set to 1 mm·s -1 at a cleavage angle of 6˚. Slices floating in Millipore water were immediately captured on Cu grids covered with a lacey carbon film. Ultra-pure Millipore water was used for the preparation of our TEM samples.
The thin cell sections were analyzed via bright field (BF) and annular dark filed (ADF) scanning transmission electron microscopy (STEM) imaging combined with analytical X-ray energy-dispersive spectroscopy (XEDS). Different positions inside the cells treated with Zn, as well as at control cells were measured by means of XEDS in order to examine the chemical composition of the material. BF-and ADF-STEM imaging combined with analytical XEDS measurements were carried out in a VG HB501UX microscope. The VG HB501UX is a dedicated STEM instrument operated in ultra-high vacuum at an accelerating voltage of 100 kV, and is equipped with a cold field-emission gun (FEG) source, an XEDS system (Thermo Fischer Scientific, Noran System SIX), and an electron energy-loss spectrometer (EELS, Gatan UHV Enfina system). XEDS spectra were recorded in the raster scan mode over a rectangular area of 20 × 25 nm 2 . The beam current during acquisition was 0.06 nA for a beam diameter of 0.6 nm full width at half maximum (FWHM). Selected area electron diffraction (SAED) experiments were performed using Zeiss 912 TEM (Zeiss, Oberkochen, Germany).
Analysis via Fluorescence Microscopy
Dry crystalline zinc phosphate powder (Sigma-Aldrich, No 587583) was investigated in a cuvette by photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopy (FluoroLog, Horiba Yobin Yvon). PLE, in contrast to a fixed excitation wavelength in PL, uses a continuously tunable excitation wavelength and found a broad absorption band in the deep blue and near UV region. Using a specific wavelength in this absorption band 
Results and Discussion
Zinc Accumulation in the Cells
Scenedesmus obliquus was cultivated in media containing two different amounts of Zn in sublethal concentration. To analyze the biosorption of Zn ions on the cell wall and the accumulation of the metal inside the cells, they were first washed with diluted HCl to remove adherent molecules. Afterwards, the still living algae were dried and then digested in nitric acid to measure the amount of intracellular Zn. The obtained solutions were analyzed regarding their Zn content with ICP-OES. These measurements revealed that S. obliquus took up the Zn ions from the media. Most of the metal was accumulated inside the cells, but Zn was also attached on the cell walls. When the algae were incubated in the medium with 6.53 mg Zn dm -3 , about 90% of the Zn was intracellular. These results are according to previous studies with the related species S. subspicatus, where about 80% of the Zn ions were detected inside the cells [46] .
There was also a positive relationship between the metal content in the media and the metal content in the cells. Algae cultivated in medium containing 0.65 mg Zn dm -3 incorporated 26 µg Zn per 100 mg algae, which is approximately 2 µg Zn per 100 Mio cells. In the algae cultivated in medium containing 6.53 mg Zn dm -3 , the intracellular amount of Zn was 518 µg per 100 mg algae, that is approximately 34 µg zinc per 100 Mio cells. Also other authors found a maximum cellular Zn content of 650 µg/100 mg algae in the species S. subspicatus [46] . Chlorella took up 600 µg Zn/100 mg algae at concentration of Zn ions in the medium of 5 mg·dm -3 [47] . Since Zn is an essential micronutrient for algae, this metal can be accumulated in relatively high values without killing the organisms compared to other metals like Hg or Pb [28] . of these deposits reveal the existence of nano needles with lengths below 100 nm (Figure 2(b) ). Electron diffraction experiments have shown that the nano needles possess an amorphous character, as can be seen from the selected area electron diffraction (SAED) pattern (Figure  2(b), inset) . XEDS spectra measured from different positions of the deposits shown in Figures 2(a) and (b) are presented in Figure 2(c) (spectra 1 and 2 ). According to our investigations, the Zn/P at% ratio measured from the depositions with (position 1) or without (position 2) nano needles is for both cases approximately 1:4. The most pronounced difference is the increased amount of Mg in the spectra acquired from the deposit positions containing nano needles. In the cell areas outside the deposits no measurable amounts of Zn or P could be detected (data not shown).
coproteins are commonly found in the cell walls of green algae and the sugars glucose, mannose and galactose in Scenedesmus particularly [49, 50] . Also polyphosphates have been detected there [17, 51] . These molecules have negatively charged functional groups, which can bind the positively charged Zn ions. The high Zn amount did not kill the cells, but caused severe damage, which can be observed in the disorganization of the whole interior. So the somehow disrupted thylakoid membranes (TM) of the chloroplast can be seen in the BF-STEM image of the cells treated with Zn (Figure 1(a) ). In contrast to the untreated cells (Figure 1(b) ), also shrinkage of the cell membrane away from the cell wall can be observed. The structural damage of microalgae exposed to sublethal concentration of metals has been investigated by numerous researchers. Severe injury of organelles due to membrane damage was often observed [35, 52, 53] . In the blue-green alga Anabaena flos-aquae the thylacoid membranes and in the green alga Chlorella the chloroplast appeared to be the primary target [37, 54] . In S. obliquus loss of cell chloroplasts and deformation of cell membranes were observed after incubation with elevated Zn concentrations [55] . This is due to the fact, that photosynthetic activity is inhibited by Zn application to Scenedesmus sp. [21] . The shrinkage of the cell away from the cell wall has also been observed in blue-green algae after treatment with Cd [54] .
In addition, the existence of deposits within one cell treated with Zn with distinctly different appearance was revealed (Figures 3(a)-(c) ). Deposits consisting of fine (FS) and coarse (CS) structured material are coexisting within the cell. According to our XEDS experiments (Figure 3(d) ), the Zn/P at% ratio for CS and FS is 1:4 and 2:3, respectively, as determined from 50 measurements in total. An increased amount of Ca in FS compared to CS deposits is unambiguously detected (Figure  3(d) ). It is important to mention that CS deposits are present in cells in much higher amount compared to FS deposits. XEDS measurements from several different deposits in cells showed that Zn and P are always accumulated together, however there might be differences in their ratios.
In the STEM images of Zn treated S. obliquus, deposits of material within the cells are clearly recognizable (Figures 1, 2(a) and (b) ). Images at higher magnification In control cells without Zn-treatment neither Zn nor P could be detected (Figure 1(c) ).
These findings are in accordance with the above mentioned detoxification mechanism of green algae, using polyphosphate to sequester toxic ions [19, 37] . Polyphosphate, pyrophosphate and orthophosphate, as well as P, Ca and Mg are present in polyphosphate bodies of these microorganisms [31, 32] . Our findings indicate that the observed deposits refer to Mg and Ca containing polyphosphate bodies where the Zn ions have been sequestered to detoxify the cells. During the detoxification mechanism of the living cells also needle-shaped structures are formed which contain P, Zn and Mg.
To our knowledge, this is the first proof of the production of Zn-phosphate-based nano needles by living algae.
In Chlamydomonas acidophila, a green alga, deposits containing Cd and phosphate were found after Cd treatment [33] . In bacteria, intracellular electron-dense inclusions were found after treatment with Pb, identified by XEDS as crystalline Pb-phosphate [56] . A later study on bacterial accumulation of lead via TEM/XEDS could not support these results; the authors found that the Pb-rich polyphosphate bodies are polymers not crystals [34] .
According to our results, also in this study Ca was found to be associated with the Pb-rich polyphosphate bodies. The authors suggest that a part of the Ca ions normally associated with polyphosphate bodies are exchanged by Pb ions.
Fluorescence of the Zn-Treated Cells
Crystalline zinc phosphate particles show blue luminescence, as measured by photoluminescence spectroscopy (data not shown). According to that, we investigated the living, Zn-treated cells and untreated controls via fluorescence microscopy. Zn-cultivated cells show a strong fluorescence, mainly on the cell wall or cell membrane and in areas inside the cells close to the cell rim (Figures  4(a) and (b) ). In contrast to this finding, the untreated S. obliquus cells do not show any fluorescence (Figures 4(c)  and (d) ). These fluorescence results support the STEM/ XEDS findings in indicating that a Zn-phosphate-based material is generated by the living algae. The involved fluorescent intracellular deposition sites cannot be identified in detail by this method, but we assume that they should be the polyphosphate bodies, known to be the sequestering place for metals in the detoxification mechanism [19, 37] . Formation of a Zn-phosphate-based fluorescent material in living algal cells, namely in or near the cell wall or cell membrane, has not been reported yet. The obtained experimental results can be correlated with the detoxification mechanism reported for green algae. In the first step, toxic metal ions bind on the cell wall of the algae [13, 14] . In the cell walls of green algae also polyphosphates are located [17, 51] . In the next step, some of the metal ions are transported into the cell [18] . In order to detoxify the cell interior, they can build complexes with phosphates [11, 12] . Our results indicate that the Zn-phosphate complexation takes place directly after the transportation of the metal ions into the cell, resulting in fluorescent particles near to the cell membrane. It is also possible that a part of the Zn ions keep bounded to the polyphosphate in the cell wall and cell membrane, resulting in the fluorescence of these cellular compartments. This is supported by our ICP-OES measurements, by which a part of the Zn ions were detected on the cell wall. In the bacterium Citrobacter, cadmium phosphate was found on the cell surface after cultivation in Cd-and P-containing medium, also bacteria have negatively charged functional groups on their cell surface [57] . In Chlorella, polyphosphates are located outside the cell membrane and are complexed with divalent metal ions [51] .
Conclusions and Outlook
In summary, we produced Zn-phosphate-based deposits in the shape of nano needles through biomineralization mechanisms in living Scenedesmus obliquus cells. This is the first proof of a structured Zn-phosphate-based nano material produced by living algae. Thus we developed a new experimental protocol for the production of an inorganic functional material using the natural detoxification process of living cells which can be applied also for other substances.
In addition, the Zn-cultivated algae show a strong fluorescence in areas, which most likely refer to the Zn and P containing deposits. The fluorescence spectra of these deposits and chlorophyll are different. The fluorescent living cells can be used for the labeling of probes in the biological or medical science, leading to real-time observation, e.g. the feeding of algae eating organisms like sponges (Porifera) [58] . Since Scenedesmus cells show fluorescent behavior in presence of elevated Zn ion concentration, they could be applied for the rapid testing of this toxic metal by fluorescence microscopy.
In further studies, the produced zinc-phosphate-based material could be doped with e.g. Europium (Eu) or silver (Ag) to change the optical characteristics and enhance the fluorescence behavior of the material [2, 59] . For this purpose, the algae could be treated with Eu or Ag ions additional to the Zn ions. Microalgae can be used for decontamination of wastewater due to their ability of accumulating toxic ions intracellular [37, 47] .
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